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Thermal degradation processes and decomposition mechanisms of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) were investigated
by using thermal gravity analysis(TGA), Gel permeation chromatography (GPC), elemental analyzer, pyrolysis-gas chromatography-mass
spectrometry (PyGC-MS) and 1H nuclear magnetic resonance (1H NMR). The degradation activation energy was calculated via the dependence
of residual mass on isothermal temperature. 1H NMR and PyGC-MS were used to investigate the chemical structure and component proportion of
volatile gases and degradation residues which were produced by thermal decomposition, and to infer the process of macromolecular chain
scission. Besides, the inﬂuence of the factors, such as outﬁeld atmosphere, residual metal ions, on the degradation behaviors of PHBV was also
studied. Finally, the PHBV thermal decomposition mechanisms were speculated on the basis of the degradation behaviors of molecular and
chemical structure.
& 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Polyhydroxyalkanoates (PHAs), which are the only biopolyester
completely synthesized through biological means, have been
developed for the applications in ﬁber, bioplastics, implant bioma-
terials, drug delivery carriers, biofuels and package materials [1–3].
However, PHAs suffer from their high stereo-tacticity, low glass
transition temperature, slow crystallization rate, larger spherulite size
and secondary recrystallization behaviors which led to not only the
ﬁber strand phenomena but also the existence of viscoelasticity-
brittleness transition process, resulting in their brittle products and
limiting its engineering application [4,5]. Poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) is one of the typical commercialized
PHAs products [6,7]. However, its high crystallinity and ordered
crystal structure not only result in the brittleness but also the
degradation at a temperature slightly above the melting point [8,9]./10.1016/j.pnsc.2016.01.007
16 The Authors. Production and hosting by Elsevier B.V. on behalf
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Chinese Materials Research Society.The thermal degradation behaviors of PHAs have been
discussed in many literatures, in which random β-elimination is
considered as the main mechanism [10,11]. In order to better
understand degradation mechanisms and clarify its complex
degradation behavior, the time and temperature dependent
proﬁles of weight loss under both isothermal and non-
isothermal conditions were investigated by conventional methods,
such as thermal gravity analysis, differential scanning calorimetry
[12], nuclear magnetic resonance [13] and mass spectrometry
[14]. On the other hand, the relationship between the chemical
structure of PHAs and their degradation behavior has been
established by a series of multi-detection techniques in real time
including thermogravimetric analyzer coupled with Fourier trans-
form infrared spectroscopy(TG-FTIR) or mass spectrometry
(TG-mass), and pyrolysis-gas chromatography mass spectrometry
(PyGC-MS) [15]. Recently, Kowalczuk et al. explained the
dependence of thermal stability on the chemical structure of
its end groups in the form of carboxylic acid salts and propo-
sed the corresponding E1cB mechanism [16]. Abe et al. found
that the presence of either Ca or Mg ions enhances theof Chinese Materials Research Society. This is an open access article under the
Fig. 1. Isothermal TG curves of PHBV in (a) nitrogen atmosphere and (b) air atmosphere at (1)180 1C, (2) 210 1C, (3) 230 1C, (4) 250 1C and (5) 270 1C. the
corresponding activation energy plots for isothermal weight loss in (c) nitrogen atmosphere and (d) air atmosphere.
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catalyze the reaction [17]. Up to now, even though many research
works have been carried out on the subject of PHAs thermal
degradation, a clear description for the whole thermal degradation
process and decomposition mechanisms has not yet been
provided.
In this study, the thermal degradation process and decomposi-
tion mechanisms of PHBV have been studied under isothermal
conditions. A more detailed description of the changes in the
molecular chain structure during the thermal degradation process
provides the theory basis for bio-based polyesters modiﬁcation.2. Experimental
2.1. Materials
PHBV with 1.05 mol% 3-hydroxyvalerate (3HV) (Mn¼
1.16 104 g mol1, PDI¼2.30) was supplied by Tianan
Biologic Material Co., Ltd. (Ningbo, China). Dichloromethane
and hydrochloric acid were purchased from Sinopharm Che-
mical Reagent Co., Ltd. (Shanghai, China).2.2. Measurements
The temperature-dependent proﬁle of weight loss was
investigated by using a thermal gravimetric analysis (TG 209
F1 Iris, NETZSCH, Germany). The isothermal degradation
of samples was carried out under nitrogen or air atmosphere
at 180 1C，195 1C，210 1C，230 1C，250 1C and 270 1C,respectively. The obtained solid residues were analyzed with
1H NMR and GPC techniques. 1H NMR analyses of samples
were carried out by using a Bruker AC-400NMR spectrometer
with tetramethylsilane as an internal standard [18]. Molecular
weight analysis was carried out by using a Waters Instrument
(USA) with a Waters 1515 apparatus. The type and relative
amount of residual metal ions in PHBV raw material were
measured by using a Leeman Prodigy inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Hudson, NH,
USA). The composition and its chemical structure of volatile
gases were investigated by using a pyrolysis-gas chromato-
graphy-mass spectrometry at 240 1C and 290 1C.
3. Results and discussion
3.1. Temperature-dependent proﬁles of weight loss
Polymers can be degraded by exposure to high temperature,
oxygen, moisture and radiation, etc. Often, the multiple factors
can result in the accelerated depolymerization. In order to
evaluate the inﬂuences of the temperature and environmental
atmosphere on the weight loss of PHBV, the measuring
parameters such as residual mass, molecular weight were
obtained by TG and GPC techniques. Moreover, according
to Maccallum et al. [19,20], the activation energy (ΔEtd) was
estimated depending on the weight loss by using the following
equation,
ln tð Þ ¼ ln F 1 X
100
  
 ln Að Þþ ΔEtd
RT
ð1Þ
Table 1
Activation energies of PHBV for various weight loss fractions (X).
Weight loss
fractions(%)
Nitrogen atmosphere Air atmosphere
Slop coefﬁcient ΔEtd
(kJ/mol)
Slop coefﬁcient ΔEtd
(kJ/mol)
5 19.55 162.52 19.433 161.57
10 18.90 157.14 18.931 157.39
15 18.81 156.36 18.93 157.38
30 18.23 151.57 18.216 151.45
50 17.61 146.42 17.271 143.59
70 17.15 142.62 15.812 131.46
90 16.92 140.64 16.247 135.08
Table 2
Effect of isothermal degradation temperature on the molecular weight and
molecular weight distribution of PHBV with degradation time of 30 min.
Isothermal Temperature (1C) Mn Mw Mw/Mn
Neat PHBV 110,990 176,470 1.59
180 1C 21,050 76,620 3.64
195 1C 10,130 69,070 6.82
230 1C 4410 10,790 2.44
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(min), weight loss values (wt%), temperature (K) and constant,
respectively.
Fig. 1(a) and (b) gives the isothermal degradation curves of
PHBV in nitrogen atmosphere and air atmosphere, respec-
tively. It is clear that when the isothermal temperature was
lower than 210 1C, there were no signiﬁcant changes of
residual mass. When the temperature was up to 230 1C, the
weight loss was improved dramatically by 17.4%. Moreover,
PHBV was completely degraded when the temperature further
increased at different time. This also shows that the thermal
degradation of PHBV obviously depends on the isothermal
temperature and time.
The ΔEtd values were calculated from Fig. 1(a) and (b) for
the weight losses in the range of 5–90 wt% using Eq. (1) and
the obtained results are shown in Fig. 1(c) and (d) and listed in
Table 1 as a function of weight loss.
The calculated results in Table 1 indicate that when the
weight loss fractions were lower than 50 wt%, the ΔEtd values
were similar under nitrogen and air atmosphere. However, with
the increase of the weight loss fractions, the ΔEtd values in
nitrogen atmosphere were slightly higher than those under air,
indicating a lower degradation reactivity of PHBV in nitrogen.
These observations, which can be attributed to the degradation
of PHBV, are not sensitive to nitrogen and air in early stage by
its chemical structurewhich reveales that oxygen is not the
main reason for induced degradation of PHBV. However, the
intermediate products of degradation PHBV are sensitive to
oxygen, resulting in the decrease in ΔEtd values under air
atmosphere when the weight loss fractions are higher than
50 wt%. On the other hand, with the increase of the isothermal
temperature, the ΔEtd values showed a gradually decreasingtrend. This indicates that the higher the degradation tempera-
ture, the weaker the temperature sensitivity is.
3.2. Effect of isothermal temperature on the molecular weight
of PHBV
The temperature sensitivity of PHBV thermal degradation
can be quantitatively described by the change of the molecular
weight and molecular weight distribution of PHBV. As shown
in Table 2, the number-average molecular weight (Mn) of
PHBV raw materials is 110,990, and the molecular weight
distribution index (PDI) is 1.59. There are no signiﬁcant
changes of thermal gravimetric curves of PHBV in isothermal
conditions at 180 1C for 30 min, however, from Table 2, its
Mn values decrease to 21,050, dropping more than 80%.
Moreover, it is found that the Mn values further decrease with
the increasing isothermal temperature. Meanwhile, the PDI
value increases to a maximum value (6.82) and then decreases
with the increase of temperature. These phenomena can be
interpreted by the strong dependence of PHBV on the
isothermal temperature and degradation time. When the
temperature exceeds the melting point of PHBV, the chain
scission of macromolecule occurss, resulting in a gradual
reduction in molecular weight and a increase in PDI values.
3.3. Effect of puriﬁcation process on the thermal stability of
PHBV
Fig. 2 shows the TG and isothermal TG curves of raw
PHBV and puriﬁed PHBV in isothermal conditions at 230 1C
for 30 min. Fig. 2(a) indicates that the initial decomposition
temperature of puriﬁed PHBV increases by 3 1C, the color of
chloroform solution with 5 wt% puriﬁed PHBV appeared off-
white. It is clear that the thermal stability of puriﬁed PHBV
was improved. In Fig. 2(b), it can be seen that the heat
resistance was improved. The ions contents of K, Na and Mg
varied slightly both before and after puriﬁcation, but the Ca
ions content was reduced from 90 ppm to 10 ppm. It is known
that the metal ions such as Ca ions are Lewis acids as
electrophiles. The chain scission reaction of PHBV may be
accelerated by the presence of Lewis acids due to the
formation of the double bond in crotonyl unit product by the
elimination of β-hydrogen [17].
3.4. Chemical component of volatile gases
Fig. 3(a) and (b) shows the gas chromatograms of the
pyrolysis products of PHBV in helium at 240 1C and 290 1C.
The chromat mass spectrum of volatile products from pyrolysis
of PHBV is displayed in Fig. 3(c) and (d). Table 3 shows the
identiﬁcation of the products in the Py-GC/MS of PHBV. In
the pyrolysis of PHB at 240 1C, the major pyrolysates were
made of crotonic acid (41.9%), isopropyl-2-crotonic acid
(48.2%) and butyric-2-crotonic acid (9.9%). When the decom-
position temperature reached 290 1C, the major pyrolysates
changed into β-butyrolactone (0.14%), crotonic acid (58.09%),
2-pentenoic acid (0.51%)，isopropyl-2-crotonic acid (38.38%)
Fig. 2. (a) TG curves and (b) isothermal TG curves of raw PHBV and puriﬁed PHBV.
Fig. 3. Chromatograms of volatile products from pyrolysis of PHBV at (a) 240 1C and (b) 290 1C, chromat mass spectrum of volatile products from pyrolysis of
PHBV at (c) 240 1C and (d) 290 1C.
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comparison that Py-GC/MS information, isopropyl-2-crotonic
acid takes a very important part in volatile products at 240 1C.
When the depolymerization temperature increases to 290 1C,
its proportion decreases. Thus, it can be demonstrated that
isopropyl-2-crotonic acid and crotonic acid are the main
volatile products, and the rising temperature can effectivelyTable 3
Identiﬁcation of the main products in the Py–GC/MS of PHBV at 240 1C and
290 1C.
Retention
time (min)
Compounds Molecular
formula
Molecular
weight
Content (%)
240 1C PHBV
9.119 Crotonic acid C4H6O2 86 41.9
14.041 Isopropyl-2-
crotonic acid
C7H12O2 128 48.16
17.536 Butyric-2-
crotonic acid
C8H12O4 172 9.94
290 1C PHBV
6.686 β-butyrolactone C4H6O2 86 0.14
10.078 Crotonic acid C4H6O2 86 58.09
10.167 2-Pentenoic acid C5H8O2 100 0.51
14.542 Isopropyl-2-
crotonic acid
C7H12O2 128 38.38
17.575 Butyric-2-
crotonic acid
C8H12O4 172 2.88
Fig. 4. H1 NMR of thermal degradation products from isothermal degradation o
(b) 180 1C, (c) 210 1C and (d) 230 1C.reduce the component proportion ratio of isopropyl-2-
crotonic acid.
3.5. Chemical construction and information of degradation
residues
In order to better understand the thermal degradation
process, the chemical construction and information of degra-
dation of PHBV were analyzed by 1H NMR. Fig. 4(a) gives
the 1H NMR spectras of neat PHBV. Fig. 4(b)–(d) shows the
chemical shift of degradation residues of degradation residues
under nitrogen and air atmosphere at 180 1C, 210 1C and
230 1C. By comparing the chemical shift and peak intensity of
PHBV, the position and intensity of emerging proton signals,
such as at δ6.97 ppm, δ6.35 ppm, δ5.82 ppm, δ2.12 ppm,
δ1.89 ppm derived from crotonic acid groups, are basically
the same in accordance with the activation energy analysis.
From Table 3, it can be seen that isopropyl-2-crotonic acid
and crotonic acid are the main volatile products. With
increasing isothermal degradation temperature, the increase
in intensities of the characteristic signals for crotonate end
group was observed, whereas the proton signals of isopropyl-
2-crotonic acid group was not detectable. These results prove
that a lot of crotonate end groups are generated during in the
chain scission process, and a large amount of isopropyl-2-
crotonic acid is released as gas.f PHBV at (I) nitrogen atmosphere and (II) air atmosphere: (a) pure PHBV,
Fig. 5. Schematic diagram of PHBV thermal degradation.
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The thermal depolymerization of PHBV is dominated by a
random β-elimination reaction involving a six-membered ring
transition state. On one hand, the carbon atoms at α-position to
the ester oxygen have strong electron-donating effect. On the
other hand, the neighboring group of methylene group at the β-
position to the ester oxygen has negative inductive effect [21].
During the initial stages of thermal depolymerization of PHBV,
the low molecular weight PHBV and PHBV with crotonate end
group at the terminal are generated by chain scission process.
Meanwhile, the depolymerization of PHBV macromolecular can
be accelerated by residues Ca ions. There are no signiﬁcant
changes of weight loss of PHBV, but remarkable decrease in
molecular weight. Nishida et al. suggested that the internal
random scission at chain ends was accelerated by neighboring
effect on the frequency factor [11]. This acceleration effect
induces the generation of a crotonic acid and a new crotonyl
chain end, repeating the same reaction as the unzipping reaction.
Thus, a drastic reduction in molecular weight occurs, and lots of
oligmers have been produced in this stage. Finally, the crotonic
acid and a variety of oligomers may be further deconstructed
into propylene, CO2, acetaldehyde and ketene. According to the
results and analyses mentioned above, the expected overallthermal degradation mechanism of PHBV is schematically
illustrated in Fig. 5.
4. Conclusions
The thermal degradation process of PHBV was investigated
to clarify its complex decomposition mechanisms. The inter-
relations between the outﬁeld atmosphere, residual metal ions
and the thermal degradation behaviors were established. The
low molecular weight PHBV with crotonate end group at the
terminal was generated by random chain scission process,
which was induced by the reaction of β-elimination and α-
deprotonation. Then, the crotonic acid and a new crotonyl
chain end were generated with a drastic reduction in molecular
weight. The depolymerization of PHBV obviously depended
on the isothermal temperature and degradation time. Moreover,
the depolymerization process could be accelerated by residues
Ca ions.
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